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Abstract
To reveal the formation of planetesimals it is of great importance to understand the collision
behavior of the dusty and icy aggregates they have formed from. We present an experimental
setup to investigate the aggregation properties in low-velocity collisions of dust aggregates, solid
ices and icy aggregates under microgravity conditions. Results from ESA’s 45th Parabolic Flight
Campaign show that most collisions in the velocity range 0.1 m s−
1 . vc . 0.5 m s−
1
are dominated
by a rebound behavior of the projectile dust aggregates and only ∼ 5% of the translational kinetic
energy is conserved after the encounters.
1 Introduction
Current theories say that stars form from gravi-
tational collapse of dense, turbulent, and rotat-
ing molecular clouds. This contraction occurs
when the gas pressure can no longer support the
cloud core against gravity. After the formation
of a central protostar the gas environment cools
down and allows for the condensation of (sub-)
micrometer-sized mineral grains. Due to the
conservation of angular momentum dust is ac-
creted along the rotational axis of the system by
the new-born star whereas perpendicular to this
axis a flattened, differentially rotating accretion
disk develops. In the protoplanetary disk, which
typically has a dust-to-gas ratio of ∼ 0.01, mat-
ter can only be transported towards the center
of gravity as a result of friction forces, which
are thought to be caused by gas turbulence or
magneto-rotational turbulence. According to
the model of Weidenschilling and Cuzzi (1993),
inelastic collisions of dust grains combined with
adhesive surface forces (van-der-Waals forces
or hydrogen bonding) between colliding parti-
cles cause them to coagulate by a hit-and-stick
method. The relative velocities of the colliding
grains or agglomerates are the result of Brown-
ian motion (Brown, 1828; Einstein, 1905), rela-
tive drift motion of two particles or gas turbu-
lence (Weidenschilling and Cuzzi, 1993). In this
scenario Brownian motion is most important for
small dust aggregates of sizes between ∼ 1µm
and ∼ 100µm while collisions of larger aggre-
gates are dominated by gas turbulence and drift
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towards the center of gravity (Weidenschilling
and Cuzzi, 1993).
The so-formed agglomerates become more com-
pact due to restructuring in more energetic col-
lisions which occur due to the increasing relative
velocities with increasing agglomerates masses.
When the particles have become more compact
they decouple from the protoplanetary disk’s
gas and sedimentation to the mid-plane causes
the onset of the runaway-growth phase (Weiden-
schilling and Cuzzi, 1993; Weidenschilling, 1997)
in which larger aggregates increase their size
dramatically by sweeping-up smaller agglomer-
ates while sedimentating.
As soon as planetesimals of s & 1 km have
formed the collisions between those bodies are
dominated by gravity. Gravitational perturba-
tions accelerate the smaller planetesimals lead-
ing to high-velocity collisions between kilometer-
sized bodies. These encounters result in col-
lisional fragmentation from which the environ-
ment of the larger planetesimals is fed with
smaller fragments. Capturing of fragments by
larger runaway bodies then allows the rapid
growth to Mercury size on a ∼ 105-years time
scale (Wetherill and Stewart, 1989, 1993).
However, the growth of kilometer-sized planetes-
imals from millimeter to centimeter-sized aggre-
gates is still an unanswered question. Sect. 2
of this manuscript gives an overview of the nu-
merous simulations and experimental studies on
the formation of planetesimals which have been
carried out within the past decades. In Sect. 3
the scientific objectives of the experiments per-
formed here are described and Sect. 4 gives a de-
tailed description of the setup used for studying
low-velocity collisions of dust aggregates. The
results obtained during ESA’s 45th Parabolic
Flight Campaign and their interpretation can
be found in Sect. 5. In Sect. 6 several intended
improvements to the experiment setup and pro-
cedures are explained.
2 Previous Work
In the past decades numerous laboratory ex-
periments and numerical simulations were per-
formed to reveal the processes involved in the
formation of the terrestrial planets, the aster-
oids and the cores of the giant planets.
Weidenschilling and Cuzzi (1993) present a
model which describes the formation of plan-
etesimals from fractal dust aggregates which
have formed in the collisions of single, (sub-)
micrometer-sized dust grains (Meakin and
Donn, 1988; Blum, 2004; Krause and Blum,
2004).
In numerical simulations Dominik and Tielens
(1997) studied the interaction forces of two col-
liding aggregates of fractal structure, which con-
sist of equal-sized, spherical monomers. They
considered the adhesion forces, the rolling and
the sliding between all pairs of grains which
are in contact inside the two colliding aggre-
gates. The outcome of their calculations is that
the key parameters in collisions of fractal ag-
gregates are the number of monomer-monomer
contacts within both aggregates, the energy re-
quired to break-up a grain-grain contact and
the rolling-friction energy which is necessary to
roll two neighboring grains by one quarter of
their circumference. With increasing collision
velocity and thus with increasing impact energy,
Dominik and Tielens distinguish between five
regimes: (1) a hit-and-stick behavior in which
sticking occurs without restructuring of the ag-
gregates, (2) the beginning of restructuring re-
sulting in compaction of the aggregates until (3)
a state of maximum compaction is achieved. At
even higher impact velocities (4) the break-up
of grain-grain bonds occurs and finally results
in (5) the catastrophic disruption of the aggre-
gates. Blum and Wurm (2000) experimentally
showed that this model is correct and measured
at which collision velocities the various stages
occur.
Wurm and Blum (1998) present results from
laboratory experiments probing the collisions of
fluffy, fractal aggregates (Df ≈ 1.91, where m ∝
rDf and m, r, and Df are the mass, the radius of
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gyration and the fractal dimension, respectively)
consisting of monodisperse spherical SiO2 grains
(s0 = 1.9µm). They found that in the collision
velocity range of 0.001 m s−1 . vc . 0.01 m s−1
the sticking probability is unity and no restruc-
turing or compaction of the constituent aggre-
gates occurs.
Blum and Schra¨pler (2004) and Blum et al.
(2006) built large, compact (Df ≈ 3) dust ag-
glomerates from 1.5µm-sized SiO2 grains, which
can be considered as planetesimal analogue bod-
ies. These agglomerates – so-called ‘dust cakes’
– are produced by the method of Random Ballis-
tic Deposition (RBD) in which first dust powder
is de-agglomerated to its micrometer-sized con-
stituent grains, secondly the grains are coupled
to a gas flow and finally they are unidirectionally
deposited on a filter. By using this technology
planetesimal-analog aggregates of 2.5 cm diam-
eter and up to 2 cm in height can be built.
Blum and Schra¨pler (2004) and Blum et al.
(2006) showed that these aggregates have a
highly porous structure. In unidirectional com-
pression experiments the volume filling factor
φ = %%0 (where % is the aggregate’s density and %0
is the bulk density of the constituent monomer
grains) as a function of the applied pressure in-
creased asymptotically from φ = 0.07...0.15 to
φ . 0.20...0.33.
Langkowski et al. (2007) recently carried out
microgravity experiments to investigate the col-
lision behavior of s ∼ 0.1 − 1 mm-sized high-
porosity dust-aggregates (projectile) and 2.5 cm-
sized target of the same material in the velocity
regime of 0.5 − 3 m s−1. They found that near-
normal collisions were dominated by sticking
while near-tangential impacts showed rebound-
ing behavior of the projectiles. For collisions
which did not result in sticking of the projectile
Langkowski et al. observed a mass transfer from
the target to the projectile which approximately
doubled the projectile’s mass.
Laboratory collision experiments with pairs of
1 mm-sized aggregates at velocities of 0.15 to
3.9 m s−1 were carried out by Blum and Mu¨nch
(1993). They used aggregates consisting of s0 =
0.2...1µm-sized ZrSiO4 monomers which have
a volume filling factor of φ = 0.26 and col-
lided them at arbitrary impact angles. It was
found that low-velocity encounters resulted in
rebounding of the projectile aggregates, whereas
at vc & 1 m s−1 a transition to fragmentation was
observed. For the bouncing aggregates the co-
efficient of restitution  – the ratio of relative
velocities after and before the collision – and
the normalized translational energy 2 were de-
termined. The results showed that for central
collisions the conserved translational energy was
at ∼ 10% of the value before the collision. For
perfectly grazing encounters a theoretical value
for the conserved kinetic energy of 2t = 0.51
was calculated. Furthermore, Blum and Mu¨nch
observed that collisions at velocities exceeding
∼ 3 m s−1 were followed by complete disruption
of the initial impactors with the number of frag-
ments following a power-law mass distribution.
In addition to silicates, water ices (and
other condensates of volatiles, like e.g.
CO, CO2, NH3, CH3OH and CH4), which
are ubiquitous in the outer reaches of the
solar nebula, are of great importance for the
formation of Pluto, the comets, the Kuiper belt
objects (KBOs) and the icy moons of the giant
planets. However, only very limited knowledge
exists on the aggregation properties of ices in
the solar nebula and detailed studies of the
collision behavior and fragmentation thresholds
of icy agglomerates (Ehrenfreund et al., 2003;
Fraser et al., 2005).
To probe the collision properties of icy bod-
ies as they are found in Saturn’s rings, Bridges
et al. (1984) and Hatzes et al. (1988) performed
quasi-2D collision experiments between solid ice
spheres of several centimeters in diameter and
at very low relative velocities of 1.5 · 10−4 − 2 ·
10−2 m s−1. They found that the coefficient of
restitution  follows an exponential law of the
type  (vc) = C · exp (−γvc). It was also dis-
covered that the values of  strongly depend on
the properties of the contact surfaces and can be
lowered by up to 30% as a result of roughened or
frosted surfaces. Hatzes et al. conclude that, ex-
cept for particles with a very smooth surface, a
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size dependence exists in the coefficient of resti-
tution, .
3 Scientific Objectives
The goal of our experiments is to analyze if and
how millimeter-sized dust aggregates, solid ices
and icy aggregates stick together (i.e. form ag-
gregates) in a microgravity environment that
best simulates the protoplanetary disks where
these particles combine to form planetesimals
and cometary nuclei. Therefore, we carry out
collisions of pairs of 2 − 5 mm-sized projectiles
probing mutual collisions of similar sized aggre-
gates in protoplanetary disks. To simulate col-
lisions of different sized bodies the impacts of
aggregates on a larger solid target can also be
observed. In both types of experiments the col-
lisions occur at low velocities of 0.1 m s−1 . vc .
0.5 m s−1 which are the typical relative veloci-
ties of millimeter to centimeter-sized aggregates
in the solar nebula (Weidenschilling and Cuzzi,
1993; Weidenschilling, 1997). The results will
provide insight into current aggregation theo-
ries, as well as increase our knowledge on the
initial conditions and clumping properties lead-
ing to the creation of planetary systems.
On ESA’s 45th Parabolic Flight Campaign we
investigated the collision behavior of RBD dust
aggregates (Blum and Schra¨pler, 2004; Blum
et al., 2006) at room temperature corresponding
to a distance of 1 AU (the distance of Earth’s or-
bit to the sun) from the protostar (Wood, 2000).
In two more Parabolic Flight Campaigns, sched-
uled for November 2007, we will continue our
experiments to probe collisions and impacts of
similar dust aggregates at low temperatures of
140− 250 K (2− 5 AU) and we will perform col-
lisions using icy samples at cryogenic tempera-
tures (≤ 140 K), similar to those in the outer
protoplanetary nebula (5− 30 AU).
4 Experiment Setup
To investigate the collisions of millimeter-sized
dust aggregates and icy bodies under conditions
Figure 1: Cross-section of the experiment cham-
ber. At left and right, two hydraulic actuators
are attached. In the center, the shielded sample
repository is fit onto the thermal reservoir.
comparable to the early solar nebula an experi-
mental setup was designed to allow a large num-
ber of collisions at temperatures of 80 − 300 K.
Therefore, a sample storage for 180 projectiles
was fit onto a thermal reservoir (Sect. 4.1) which
keeps the desired temperatures for the dura-
tion of the experiment (see the CAD drawing
in Fig. 1). To prevent the fragile dust ag-
gregates from being damaged by acceleration of
more than 10 g0 (where g0 = 9.81 m s
−2, Earth’s
gravitational acceleration) a smooth particle ac-
celeration (Sect. 4.2) mechanism was devel-
oped. To probe collisions of different sized bod-
ies, a target frame – simulating a larger aggre-
gate – is installed in the center of the collision
volume (Sect. 4.3). The collision events are
recorded by a high-speed, high-resolution dig-
ital recording system (Sect. 4.4) attached to
the vacuum chamber’s top flange. The vacuum
chamber (housing the collision volume and the
sample repository) and all diagnostic hardware
are installed into two custom-made aluminum
racks to comply with the safety requirements for
parabolic flights.
4
4.1 Thermal Reservoir and Particle
Storage
To keep the experiment at the desired low and
cryogenic temperatures for the duration of one
parabolic flight a thermal reservoir is manda-
tory, since no liquid Nitrogen (N2) is allowed
aboard the Zero-G aircraft. Therefore, the ex-
periment is equipped with a massive, 50 kg cop-
per block which is fit into a cylindrical vacuum
chamber of 290 mm × 250 mm. The thermal
reservoir is cooled by liquid N2 spiraling through
a copper tube wound around the copper block
and attached to a liquid N2 feedthrough at the
bottom flange of the vacuum chamber. Cooled
down to cryogenic temperatures the warm-up
rate of the system is . 5 K per hour. To avoid
heat transfer by thermal conductivity of the
residual air inside the vacuum chamber a dry,
oil-free membrane pump and a turbo molecular
pump (TMP) are operated in series to keep the
pressure at p ≤ 10−3 mbar.
If access to the interior vacuum chamber is re-
quired, the thermal reservoir and the attached
collision volume can be heated up to ambient
temperature using 34 meters of heat rope with
a maximum power of 840 W which is wound
around the copper block.
On top of the thermal reservoir one of two cylin-
drical sample repositories (Fig. 2) – made from
copper or aluminum, respectively – is attached
to a brass-made quintuple thread which is fit to
a bore in the center of the copper block, thereby
establishing good thermal contact to the reser-
voir.
The sample carrier offers space for storing 180
projectile aggregates which can be placed inside
a double-helix of 90 holes each. Thus, 90 col-
lisions of pairs of aggregates or 180 impacts of
aggregates with a larger target can be performed
by manually rotating the cylindrical storage. In
order to prevent the projectiles from falling out
of the storage compartments, and for shield-
ing the aggregates from radiative warming, a
copper-made lid covers the sample repository.
4.2 Particle Acceleration Mechanism
To study collisions in the velocity range
0.1 m s−1 . vc . 0.5 m s−1, which is of astro-
physical relevance (Weidenschilling and Cuzzi,
1993; Weidenschilling, 1997), the aggregates are
accelerated by a set of synchronized, hydraulic
pistons. The hydraulic actuators are driven by
an electrical DC motor at constant acceleration
level which ensures that the projectiles do not
experience accelerations exceeding 10 g0. The
two hydraulic pistons are mounted opposite each
other at the outside of the vacuum chamber,
and are guided to the sample repository pass-
ing through a mechanical feedthrough, followed
by a guiding PTFE* piece, until they pick up
the projectiles. To prevent the aggregates from
falling off the conical stainless steel rods they
are accelerated through guiding tubes of 80 mm
length until the pistons reach their outmost po-
sition, where switches are activated to abruptly
stop and rapidly retract them.
4.3 Removable Collision Target
In addition to particle-particle collisions, a tar-
get screen (Fig. 3), in which micron-sized dust
grains can be packed to simulate the surfaces of
larger protoplanetary bodies, is used to probe
*Polytetraf luoroethylene
Figure 2: The cylindrical sample reservoir offers
storage capacity for 180 individual millimeter-
sized projectiles. On the left, the aluminum-
made sample repository and to the right, the
partly filled individual compartments of the cop-
per reservoir.
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Figure 3: Pivot-mounted target frame in the col-
lision volume (center). To the left and right of
the target two cylinders are visible, within which
the projectiles are accelerated from their stor-
age compartments. In the center top of the im-
age the target-release-mechanism can be seen,
where the target can be lowered out of the colli-
sion volume during flight to allow for aggregate-
aggregate collisions.
collisions of small particles with larger ones.
A mould of 17 mm diameter and 2 mm depth is
machined in either side of a copper frame, and
installed between the two guiding tubes at the
center of the collision volume and there attached
to the sample repository. To vary the impact an-
gle, the target screen rotates by eight degrees per
collision (separation between neighboring stor-
age compartments). Thus, almost arbitrary im-
pact angles in the range 0◦−75◦ (limited by the
edges of the target frame blocking the exits of
the guiding tubes) can be achieved. Addition-
ally, a solenoid release mechanism offers the op-
portunity to drop the target to a fixed position
at the bottom of the collision volume and thus,
allows us to switch to particle-particle collisions.
4.4 Imaging and Data Acquisition
Recording of image sequences of the collisions is
done by a high-speed, high-resolution CMOS**
camera and a high-performance recorder com-
puter. The camera was operated at a contin-
uous accumulation of 107 fps of 8 bit grayscale
**Complementary Metal Oxide Semiconductor
images of 1280 × 1024 px. Thus, the field-of-
view covers a plane of 24 × 20 mm2 at a fo-
cal depth of ∼ 5 mm. The recording system is
capable of writing images at a maximum data
rate of 133 MByte s−1 to its 4 hard disks (to-
talling 260 GByte), corresponding to a maxi-
mum recording time of 33 minutes.
To capture the collisions the camera is mounted
to a viewport at the vacuum chamber’s top
flange. The collision volume is illuminated
by two synchronized stroboscopic (Xenon) flash
lamps which are also synchronized with the cam-
era’s image acquisition at 107 Hz.
5 Microgravity Experiments
During ESA’s 45th Parabolic Flight Campaign
collision experiments were carried out at ambi-
ent temperatures (∼ 300 K) and a pressure of
2.8 · 10−1 mbar. Projectiles were prepared from
2.5 cm RBD dust aggregates built from monodis-
perse 1.5µm-sized SiO2 grains. The 2 − 5 mm
dust aggregates were cut from the larger ‘dust
cakes’ using a razor blade. Recent x-ray tomog-
raphy measurements showed that at the cutting
edges of the dust aggregates a slight compaction
from φ = 0.15 to φ ≈ 0.17 can be observed.
These projectiles were used to perform 3−4 col-
lisions per parabola. Thus, images sequences of
76 impacts of dust aggregates against a compact
dust target of φ = 0.24 could be recorded (see
Fig. 4 for an example). It was observed that in
∼ 90% of the impacts the projectiles bounced
off the target, whereas ∼ 10% of the collisions
resulted in sticking of – only very small – projec-
tiles. Fragmentation was negligible for this type
of experiment.
In addition to the particle-target collisions, 39
encounters of pairs of fluffy dust aggregates were
captured (see Fig. 5 for an example). Analysis
of the image sequences showed that again ∼ 90%
of the collisions were dominated by rebounding
behavior. For this type of experiment fragmen-
tation was observed in ∼ 10% of the collision
events, whereas in this case sticking was unim-
portant.
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Figure 4: Example of a collision of a high-
porosity dust aggregate with a compact dust tar-
get. The collision velocity is ∼ 0.2 m s−1. The
time between subsequent images is 19 ms.
Analysis of the relative velocities of the collid-
ing bodies before and after the impact, calcu-
lation of the coefficient of restitution and de-
termination of the normalized impact parame-
ter (for aggregate-aggregate collisions) and im-
pact angle (for aggregate-target collisions), re-
spectively, show that for a central collision only
∼ 5% of the translational energy is conserved.
This value increases with increasing normalized
impact parameter. Additionally, from the im-
age sequences it becomes clear that a significant
amount of energy is transformed into rotational
motion of the aggregates after the encounter. A
quantitative analysis could not be performed,
because the narrow depth of field, and thus,
blurring effects ruled out the determination of
the rotational velocity and the irregular shape
of the aggregates made a determination of the
moment of inertia impossible.
6 Experiment Improvements
for Future Campaigns
To improve the experimental setup and to in-
crease the quality of the obtained data for fu-
ture Parabolic Flight Campaigns a number of
changes will be or were already made. During
Figure 5: Example of a collision between two
high-porosity dust aggregates. The collision ve-
locity is ∼ 0.4 m s−1. The time between subse-
quent images is 19 ms.
ESA’s 45th PFC only the copper-made sample
repository was used. In order to save valuable
time during preparation of the parabolic flights
a second, aluminum-made sample reservoir was
machined. This can be prepared for the upcom-
ing flight by the ground crew, while the flight
crew uses the other one to perform microgravity
experiments. Thus, the optimized procedures
are expected to save 2.5 hours of preparation
time between subsequent flights.
Additionally, to increase the quality of the
recorded image sequences and remove any shad-
owing effects the stroboscopic illumination will
be modified by mounting two synchronized flash
lamps at an angle of α = 45◦ to the pistons’
axis and at an angle of β = 56◦ to the camera
axis. The high-speed camera will be extended
by a beam splitter optics which allows to record
image sequences with an angular separation of
ψ = 60◦. Thereby, three-dimensional collision
information – allowing the exact determination
of the impact parameter – can be obtained.
To optimize the separating of the projectile from
the pistons’ conical heads the hydraulic acceler-
ation mechanism will be replaced by a synchro-
nized master-and-slave system of electric DC
motors. In contrast to the previously used hy-
draulic ones, these motors with their attached
7
leadscrews will be equipped with a hard, me-
chanical stop confirming the instantaneous de-
celeration of the pistons’ rods allowing a more
accurate separation of the aggregates.
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